Recent advances in dyesensitized and organic polymer solar cells have lead NASA to investigate the potential of these devices for space power generation. Dye-sensitaized solar cells were exposed to simulated low-earth orbit conditions and their performance evaluated. All cells were characterized under simulated air mass zero (AMO) illumination.
INTRODUCTION
Inexpensive. lightweight inorganic materials such as amorphous 3, CulnSen and CdTe are currently being explored for spacebased energy conversion. Next generation thin-film technologies may well involve a revolutionary change in materials to organicbased devices. These materials offer the possibility of even lower-cost and higher power-to-weight ratios which may be mission enabling for Space Solar Power, Solar Electric Propulsion, and off-grid military applications. as wet1 as numerous civilian and commercial off-grid uses. NASA Glenn Research Center currently supports a small inhouse and extramural program exploring these technologies. However, to be useful for applications in space, any solar cell which is developed must not only meet weight and AM0 efficiency goals, but also must be durable enough to survive launch and thermal and radiation environments of space.
Nanocrystalline dye-sensitized solar cells (nc-DSC) have been under development for over a decade, and the ruthenium dyes are reported to be stable to at least 18OOC and under exposure to ultraviolet radiation (Amirnas et al, 2000; Kohle et al, 1997) . Reported efficiencies for liquid electrolyte cells fabricated on glass have been in excess of 10% (AM1.5) (Gratzel, 2000) and recent advances in solid electrolytes (Bach et ai, 1998) In addition to the dye-sensitized solar cell projects, work has also been supported in the area of organic polymer photovoltaics. The high volume, low cost fabrication ability of organic cells will allow for square miles of solar cell production at one-tenth the cost of conventional inorganic materials. Plastic solar cells take a minimum of storage space and can be inflated or unrolled for deployment. In comparison to current commercial inorganic photovoltaic materials, polymeric photovoltaic materials have the advantages of versatile fabrication schemes and low cost on largescale production, therefore exhibit potential for future largescale solar industry. For space and any portable applications, the lightweight, flexible shape of polymers are other key advantages. While the power conversion efficiency for inorganic photovoltaic cells have reached nearly 30% (Green et al. 2001) . it is only a fraction of that for recently developed polymer photovoltaic systems (Vu et al. 1995; Granstrom et al, 1998; Shaheen et al, 2001) . Therefore, development of highly efficient polymeric photovoltaic materials, and a better understanding of the fundamental mechanisms involved in polymer optoelectronic processes has become a critical research effort. The group at Norfolk State University has been developing new donor-acceptor polymer systems for photowltaic applications, while the group at Physical Sciences Inc., has prepared working devices using &doped polymers. A summary of the work from the different groups will be presented.
RESULTS AND DISCUSSION &-sensitized solar cells
able to tolerate the vacuum of space. This Is a For any solar cell to operate in space, it must be particularly important concern for dye-sensitized solar cells, because of the liquid electrolytes commonly used in these devices. Spacecraft in low-earth orbit will typically experience pressures on the order of torr. To demonstrate that nc-DSC can tolerate these types of vacuums, several cells were pumped to a pressure of <1 x l o 7 torr under dynamic vacuum for over a month, and the cells exhibited no signs of leakage or sealant failure.
Two complete cells were also obtained from Solaronix SA (Aubonne, Switzerland) and upon receipt were characterized under AM0 illumination (figure 1 , table 1). The cells were then stored in a desiccator at room temperature for 52 days Mile waiting to be rapid thermal cycled and during this time received only limited exposure to ambient light. Prior to thermal cycling, the cells were again characterized under calibrated, simulated AM0 illumination (figure 2, table 1). It was observed that one of the cells (cell 1) had a substantial decrease in performance, and the second cell (cell 2) had only a modest loss of performance. The large drop in current for cell 1 is simply attributed to it being a faulty cell. In the literature, these cells have demonstrated long shelf lives. Following the second AM0 characterization, the cells were rapid thermal cycled between -8OOC and EOOC, which roughly corresponds to the tenperature swings the cells would experience in a lowearth orbit. A spacecraft in low-earth orbit endures approximately 6000 thermal cycles per year. For our initial testing of the cells. they were rapid thermal cycled 100 times, which corresponds to six days in orbit. After thermal cycling, the cells were once again characterized under AM0 illumination (figure 3. Current dye-sensitized solar cells lack stability at elevated tempemtures (SSOC) (Hinsch et at, 2001 ). However, due to our limited amount of data, it is difficult to determine whether the decrease in performance of cell 2 was from the elevated cycle temperatures, or another failure mechanism. A longterm study is in progress, and the results will be reported when available. As mentioned above, the lack of stability of cell 1 is likely due to a defective cell. Donor-accevtor volvmers Donor (p-type) conjugated polymers help stabilize and transport the positive charges (holes), and acceptor (n-type) conjugated polymers help stabilize and transport the negative charge (electrons). Thus photo induced electron transfer and charge separation observed in organic composites of donors and acceptors provided a potential organic molecular approach to high efficiency light haNeSting or optoelectronic applications (Granstrom et al, 1998) . Such systems and devices have already been demonstrated using polythiophene/CN-PPV bilayers (Granstrom et al, 1998) , MEH-PPVCN-PPV blends (Vu and Heeger. 1995), MEH-PPVIC,, bilayers and blends (Vu et al, 1995) , MEH-PPVPS-C, di-block copolymers (Stalmach et al, 2000) .
In our current approach, a conjugated donor block "ROPPV" or (D) is coupled to a conjugated acceptor block "SF-PPV" or (A) via a short non-conjugated bridge unit (8) to form a D-8-AB type block copolymer system.
In this sytem, the charge separation can be maximized since the interfacial area can be conveniently controlled via the size of block copolymer segment. Every donor block can be built in a convenient reach of an acceptor block, within the exciton diffusion range. On the other hand, the charge recombination between the donor and acceptor blocks at the backbone junction is hindered due to a non-conjugated aliphatic bridge unit. Figure 4 shows the chemical structures and synthetic scheme of -DEAB-. The donor block 0) is an alkyloxy derivatized polyphenylenevinylene or "RQPPV', and the acceptor block (A) is an alkylsulfone derivatized polyphenylenevinylene or "SF-PPV". Two bridge units were investigated: the first was a dialdehyde terminated bridge (unit l ) , and h e second was a diamine terminated bridge (unit 2). When bridge unit 1 was used, both donor and acceptor blocks were synthesized with terminal phosphate groups. When amine terminated bridge unit 2 was used, both donor and acceptor blocks were synthesized with terminal aldehyde groups. Due to space limitations, we briefly present only the photoluminescence (PL) properties of -DEAB-in comparison to D and A blocks. The donor block film has a PL emission maximum at -570 nm, and the acceptor block film has a PL emission maximum at -590 nm (figure 5), yet the PL emission of -DBAB-film was quenched over 99%. Spikes at 470 nm and 510 nm are from film reflected excitation beam. In the figure, the -BDBA curve is arbitrarily magnified for clarity. h dichloromethane, ~ DBAB-PL quenched about 80 % in comparison to D or A Additionally, the UV-Vis absorption spectrum of -DEAB-is almost an exact overlap of D and A. Thus ground states electron transfer in -DEAB-is not obvious, and the PL quenching is mainly due to photo induced electron transfer between donor and acceptor blocks. Preliminary AFM studies revealed certain micro phase separated pattern in the-BDBA-films on silicon substrates. Detailed microscopic studies are still underway and will be reported elsewhere. 
Fullerene-containina Polvmeric Devices
Photovoltaic devices have been fabricated by blending Cm with conducting polymers, but the solubility of c60 is too low to achieve a high loading that can form a low resistance electron transport network. These devices have a power conversion efficiency of -3% under monochromatic light. Although this efficiency is much lower than that of silicon photovoltaic devices, the VOC that can be obtained is much higher (c1V for silicon. s2V for polymer) so fewer polymer-based cells need to be put in series to achieve the same net voltage output.
To increase the efficiency of these polymer photovoltaic devices, researchers (Vu, 1995; Yu et al., 1995) developed new conducting polymer composites that contained an electron-donating species and an electron accepting species in a bicontinuous network. These photovoltaic systems are based on the mechanism of photoinduced charge separation, as previously mentioned. The most successful of these systems is based on the polymer poly(pphenyleneviniyene) (PPV). The electron donor phase utilizes a well-known soluble PPV derivative, poly(2-methoxy-5-(2'-ethylhexyloxy.l,4-phenylvinylene), which is more commonly known as MEH-PPV. The acceptor phase utilizes one of two soluble forms of The limiting factors in the performance of these devices are: 1) the number of available acceptor sites limited by the solubility of CSO in MEH-PPV, 2) the rate of electron transfer from the polymer to the electron acceptor, and 3) the limitation on electron transport in the Cmcomponent of the bicontinuous network.
Polymers solutions were prepared by dissolving either MEH-PPV or a MEH-PPV:PCBM mixture (1.4 ratio) in chlorobenzene or chloroform, with the solid content ranging from 1 to 4%. The polymer solutions were spin-coated onto ITO-coated glass fitted with wire electrodes. The res$ting films ranged in thickness from 600 ~ -800 A for MEH-PPV:PCBM mixtures to -1000 A for MEH-PPV. Devices were fabricated by thermally evaporating a metal contact on top of the polymer film, encapsulating in glass and sealing with Master Bond EP65HT-1 epoxy to protect the device from air during evaluation (figure 8). Two contact configurations were used. The first was ITO/polymer/Ca/Al. with the metal layers each 1000 A thick.
The second configuration was ITO/pqlymer/LiF/Al, with a 8 A layer of LiF instead of 1000 A of Ca. As evident in figure 8. three devices are produce on each piece of ITO-coated glass.
To reduce premature degradation, the devices were kept in the dark until they were characterized. Devices containing PCBM showed efficiencies that were much higher than for devices with MEH-PPV alone, and device prepared using chlorobenzene solutions showed slightly higher efficiencies than those made with chloroform.
In addition, films deposited from solution containing 2% solids gave the highest efficiencies.
CUM catnodes FIGURE 8. PHOTOVOLTAIC DEVICE WlTh A CONFIGURATION OF ITOIMEH-PPVCNAL AND -AN ACTIVE AREA OF -6 ~4 However, the efficiencies were much lower than those reported in the literature for similar devices. Our best device, fabricated from a 2% solids content solution in chlorobenzene, showed an efficiency of 0.14%. significantly lower than the 2.5% previously reported (table 2) . The open circuit potentials were approximately half of the literature values of -1.6 V for MEH-PPV or MDMO-PPV devices and 4 . 8 V for the PCBMcontaining devices. In addition, our shortcircuit currents were significantly lower. The source of our lower efficiencies is unclear. but we suspect that purity plays a large role. Although device fabrication was performed under dust and oxygenfree conditions, extreme lengths were mt taken to purify the MEH-PPV or PCBM used in the devices.
Further more, a phenomenon that has been under reported is the low stability of these devices. Neugebauer, et. al. (2000) tested the stability MDMO-PPVPCBM (1 :3 by mass) devices under argon for 12 hours with constant cyclin from bias voltages of -2 V to +2 V under 10 mW/cm of white light and obselved no significant degradation. Under an atmosphere of pure oxygen, the same devices showed a factor of three decrease in the short circuit current and no decrease in the open circuit potential. However, our devices were much less stable. Figure 9 illustrates this situation, showing two cycles that were measured taken one after the other. Clearly, lifetimes for these devices are currently too short for practical applications, and this is a key area that must be address in the future. P . . 
